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Distinct NMDA Receptors Provide
Differential Modes of Transmission
at Mossy Fiber-Interneuron Synapses
interneuron transmission depends on the nature of the
synapse being activated (Toth and McBain, 1998; Toth
et al., 2000). Furthermore, paradigms that induce an
NMDA-independent form of long-term potentiation (LTP)
at mossy fiber-principal synapses induce a NMDAR-inde-
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synapses, while no long-term synaptic plasticity has49 Convent Drive
Bethesda, Maryland 20892 been described at CI synapses.
Mossy fiber-pyramidal neuron synapses differ from
most central synapses in that they are generally consid-
ered to contain few NMDA receptors (Monaghan andSummary
Cotman, 1985; Jonas et al., 1993; Siegel et al., 1994;
Watanabe et al., 1998; Weisskopf and Nicoll, 1995). TheDentate gyrus granule cells innervate inhibitory in-
terneurons via a continuum of synapses comprised of ratio of NMDA receptor-mediated to AMPA receptor-
mediated EPSCs at mossy fiber-principal neuron syn-either Ca2-impermeable (CI) or Ca2-permeable (CP)
AMPA receptors. Synapses at the extreme ends of this apses is30% of that found at CA3 associational-com-
missural-principal cell synapses (Weisskopf and Nicoll,continuum engage distinct postsynaptic responses,
with activity at CI synapses being strongly influenced 1995). Moreover, one of the hallmark features of the
mossy fiber-principal cell synapse is its apparent lackby NMDA receptor activation. NMDARs at CI synapses
have a lower NR2B subunit composition and a higher of NMDAR-dependent synaptic plasticity and suggests
that induction of mossy fiber LTP may be nonassocia-open probability, which generate larger amplitude and
more rapid EPSCs than their CP counterparts. A novel tive, noncooperative, and non-Hebbian (Chattarji et al.,
1989; Langdon et al., 1995; Zalutsky and Nicoll, 1992).form of NMDAR-dependent long-term depression
(iLTD) is associated with CI-mossy fiber synapses, While the nature and function of AMPARs at mossy fiber-
interneuron synapses are well described, no confirma-whereas iLTD at CP synapses is dependent on Ca2-
permeable AMPA receptor activation. Induction of tion of NMDA receptors at either synapse type exists.
Moreover, the potential for differential distribution andboth forms of iLTD required elevation of postsynaptic
calcium. Thus mossy fibers engage CA3 interneurons properties of NMDARs at synapses containing Ca2-
permeable- or Ca2-impermeable AMPARs is com-via multiple synapse types that will act to expand the
computational repertoire of the mossy fiber-CA3 pletely unexplored. Of particular importance, the colo-
calization of NMDARs and Ca2-permeable AMPARs atnetwork.
single hippocampal interneuron synapses could poten-
tially provide multiple routes for Ca2 entry, which areIntroduction
likely to be important for synaptic transmission, plastic-
ity, or excitotoxicity.Within the CA3 hippocampus, the axons of dentate gy-
rus granule cells, the so-called mossy fibers, innervate Here we demonstrate that mossy fiber-interneuron
synapses represent a continuum of synapse types,pyramidal cells via large, complex mossy boutons, while
inhibitory interneurons of the CA3 stratum lucidum are ranging from synapses comprising CP-AMPA receptors
to CI-AMPA receptors. At the two extremes of this con-preferentially targeted by either small en passant or filo-
podial mossy fiber terminals (Acsady et al., 1998). This tinuum, NMDARs differ in their kinetics, subunit compo-
sition, and open probability. These properties allowanatomical segregation is accompanied by a functional
specialization of mossy fiber transmission that depends mossy fibers to engage their interneuron targets with
distinct physiological and long-term-plastic properties.on the nature of the postsynaptic target (Maccaferri et
al., 1998; Toth and McBain, 1998; Toth et al., 2000). At
mossy fiber-principal neuron synapses, AMPA recep- Results
tors comprise a high level of GluR2 expression, which
renders these receptors essentially Ca2 impermeable Large Amplitude NMDA EPSCs Are Preferentially
(Spruston et al., 1995; Toth et al., 2000). In contrast, Expressed at CI Synapses
hippocampal interneurons express heterogeneous lev- Mossy fibers innervate CA3 stratum lucidum interneuron
els of GluR2 (Leranth et al., 1996; He et al., 1998) and targets via synapses comprised of philanthotoxin
mossy fiber-interneuron synapses are comprised of ei- (PhTx)-sensitive, calcium-permeable AMPARs, or PhTx-
ther Ca2-impermeable or Ca2-permeable AMPARs (re- insensitive, calcium-impermeable AMPARs (Toth and
ferred to as “CI” and “CP” synapses, respectively here- McBain, 1998; Toth et al., 2000). The presence or ab-
after) (Toth et al., 2000; McBain and Fisahn, 2001). sence of NMDARs at either synapse type, however, has
Moreover, both synapse types can exist on single in- not been established. First we isolated the NMDAR and
terneurons (Toth and McBain, 1998). Consequently, the AMPAR EPSCs at mossy fiber synapses using an experi-
properties of AMPA receptor-mediated mossy fiber- mental protocol that allowed us to identify both the Ca2-
permeable nature of the AMPARs as well as determine
NMDAR properties at individual synapses. Figure 1A1Correspondence: chrismcb@codon.nih.gov
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Figure 1. Small Amplitude NMDA Receptor-
Mediated EPSCs Are Associated with CP
Synapses
(A) EPSCs recorded from a CI (upper panel)
and a CP (lower panel) synapse under condi-
tions used to isolate either AMPAR- or
NMDAR-mediated components. Total EPSCs
comprising both NMDA and AMPA receptor-
mediated components were initially recorded
in an extracellular solution containing no
added Mg2 at a holding potential of60 mV.
AMPA EPSCs were isolated by subsequent
application of Mg2 (1.5 mM) and APV (100
M). The Ca2-permeable nature of AMPA re-
ceptor EPSCs was then assessed by perfus-
ing the slice with philanthotoxin (PhTx, 5 M),
which blocks currents through Ca2-perme-
able AMPA receptors (lower panel) but pre-
serves currents through Ca2-impermeable
AMPA receptors (upper panel). DCG-IV (1M)
was then added to confirm that synaptic re-
sponses were mediated by stimulation of
mossy fiber axons. Traces in each panel of
this figure were average currents from 50 to
100 EPSCs. The NMDA component (right)
was obtained by subtracting the averaged
AMPA EPSC from the total EPSC.
(B–D) Plots of the percentage of philanthotoxin
block versus the ratio of NMDAR:AMPAR EPSC
amplitudes (B), NMDA EPSC amplitudes (C),
and AMPA EPSC amplitudes (D) reveal a nega-
tive correlation between the NMDAR EPSC am-
plitude and PhTx block.
(E) Summary of the data from 8 CI synapses, 10
CP synapses, and 14 synapses that possessed
intermediated PhTx sensitivity (Mixed). **, p 
0.01.
shows the results from a typical experiment. The total 1996; He et al., 1998). These data suggest that mossy
fiber-interneuron synapses comprise a continuum rang-EPSC mediated by both NMDA and AMPARs was ini-
tially recorded in an extracellular solution containing no ing from Ca2-permeable to Ca2-impermeable AMPAR-
containing synapses (Figures 1B–1D). A plot of the per-added Mg2. The AMPAR component was then isolated
by perfusion with a solution containing Mg2 (1.5 mM) centage of PhTx block of AMPA EPSCs versus the ratio
of NMDA and AMPA EPSC amplitudes showed a nega-and dl-APV (100 M). Subsequent application of PhTx
(5 M), a high-affinity antagonist of currents through tive linear correlation (Figure 1B), demonstrating that
the ratio of NMDA and AMPA EPSCs is lowest at thecalcium-permeable AMPAR channels (Blaschke et al.,
1993; Herlitze et al., 1993; Washburn and Dingledine, most CP synapses. While no correlation between the
amplitudes of AMPA EPSCs and the percentage of PhTx1996; Toth and McBain, 1998; Toth et al., 2000), had
either little (upper panel, Figure 1A), or significant (lower block was observed (Figure 1D), the amplitudes of
NMDA EPSCs were negatively correlated with the de-panel, Figure 1A) inhibitory effect, demonstrating that
AMPAR EPSCs comprised Ca2-impermeable- or Ca2- gree of PhTx block of the AMPA EPSCs (Figure 1C),
demonstrating that CP synapses possess smaller ampli-permeable AMPARs, respectively (Toth and McBain,
1998). After washing out PhTx, application of the selec- tude NMDA EPSCs.
Although the above data clearly demonstrates thattive group II metabotropic glutamate receptor agonist,
DCG-IV (1M), inhibited the responses of both synapses mossy fiber-interneuron synapses are formed from a
continuum of AMPA receptor subtypes, for the purposeconfirming that EPSCs were mediated by stimulation of
mossy fiber axons (Kamiya et al., 1996; Toth and of quantitative analysis, throughout the study we have
defined AMPAR EPSCs demonstrating 50% blockMcBain, 1998; Toth et al., 2000). Subtraction of the
AMPA EPSC from the total EPSC waveform yielded the by PhTx as being generated by CP synapses (mean
PhTx block, 70.8%  4.0%, n  10) and thoseNMDAR EPSC.
Using this protocol, a total of 32 evoked synaptic displaying 10% block by PhTx as being generated by
CI synapses (mean PhTx block, 1.9%  2.4%, n  8)currents were initially studied. The extent of PhTx inhibi-
tion varied significantly between synapses indicating a (Washburn and Dingledine, 1996; Toth and McBain,
1998; Toth et al., 2000). Synapses demonstrating PhTxheterogeneous level of GluR2 expression (Leranth et al.,
NMDA Receptors at Interneuron Synapses
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Figure 2. Prolonged Decay Kinetics of NMDA
EPSCs at CP Synapses
(A) Current-voltage relationship (I-V) of AMPA
EPSCs (two left panels) and the correspond-
ing NMDA EPSC at 60 mV (second from
right) at a CI synapse. The linear I-V relation-
ship (RI  0.97) indicated that this synapse
comprised Ca2-impermeable AMPA recep-
tors. The decay phase of the averaged NMDA
EPSC was fit by two exponential functions.
Application of DCG-IV (far right) inhibited the
NMDA EPSCs, confirming that responses
were mediated by mossy fiber stimulation.
(B) I-V relationship of AMPA EPSCs and the
corresponding NMDA EPSC at a CP synapse.
The strong inward rectification of the I-V rela-
tionship (RI 0.1) indicated that this synapse
comprised Ca2-permeable AMPA receptors.
The averaged NMDA EPSC at this synapse
had a slower decay time constant.
(C–E) Plots of RI versus the ratio of
NMDA:AMPA EPSC amplitudes (C), NMDA
EPSC amplitude (D), and AMPA EPSC ampli-
tude (E) from 34 neurons. Note that a correla-
tion exists only between the RI and the NMDA
EPSC amplitude and not with the AMPA
EPSC amplitude.
(F) Summary of the data from 10 CI, 10 CP,
and 14 mixed synapses.
(G) Decay time constants and their relative
amplitudes of NMDA EPSCs at CI and CP
synapses. **, p  0.01; *, p  0.05.
block between 10%–50% (mean PhTx block, 31.1%  plitude were constructed from 34 neurons (Figures 2C–
2E). Although the RI and the ratio of NMDA:AMPA EPSCs2.2%, n  14), are presumably comprised of AMPA re-
ceptors with intermediate Ca permeability or by overlap- were linearly correlated (Figure 2C), only isolated NMDA
EPSC amplitudes were correlated with RI (Figures 2Dping populations of CI- and CP-AMPARs. Throughout
the manuscript, these are referred to as “mixed” syn- and 2E). For quantitative analysis, we defined EPSCs
possessing a RI 0.7 as CI synapses (mean RI 0.85apses. Figure 1E demonstrates that while AMPA EPSCs
amplitude was not significantly different at either CI or 0.03, n  10) and those displaying a RI  0.3 as CP
synapses (mean RI  0.17  0.03, n  10). Those syn-CP synapses, CP synapses typically possess signifi-
cantly smaller NMDAR EPSC amplitudes. apses with RI values between 0.3 and 0.7 (mean RI 
0.44  0.03, n  14) likely contain varied amounts ofIn addition to extracellular polyamine block, GluR2-
lacking, Ca2-permeable AMPARs display inwardly rec- GluR2, i.e., were “mixed” synapses. Furthermore, while
AMPA EPSC amplitudes were not significantly differenttifying current-voltage (I-V) relationships in the presence
of intracellular polyamines, whereas Ca2-impermeable across synapse types, NMDA EPSCs and the ratio of
NMDA and AMPA EPSCs were larger at CI synapsesAMPARs show nearly linear I-V relationships (Bowie and
Mayer, 1995; Koh et al., 1995; Kamboj et al., 1995; Donevan (Figure 2F).
and Rogawski, 1995; Toth and McBain, 1998; Liu and
Cull-Candy, 2000). To determine whether a similar rela- NMDARs at CP Synapses Have Slower
Decay Kineticstionship existed between NMDA EPSCs and the extent
of inward rectification of AMPA EPSCs at mossy fiber- The decay of NMDA EPSCs was best fit by the sum of
two-exponential functions. While the first componentinterneuron synapses, we next determined the I-V rela-
tionship of AMPAR EPSCs in the presence of APV (100 of the NMDA EPSCs (1) was not significantly different
between CI synapses (mean 1  58.2  19.1 ms, n M). APV was then washed out and DNQX (10 M)
washed in to isolate the NMDAR EPSC. 10) and CP synapse (mean 1  60.8  8.4 ms, n  10,
p  0.05), its relative proportion (A1) was larger at CIIsolated NMDA EPSC’s amplitudes at CI synapses
(Figure 2A) had larger amplitudes and faster decay kinet- synapses (49.9%  6.2% of total amplitude versus
29.8%  4.5% at CP synapses, p  0.01) (Figure 2G).ics than NMDA EPSCs at CP synapses (Figures 2B and
2G). Plots of the rectification index (RI) versus the ratio The second component (2) was slower (525.9  123.6
versus 228.5  18.1 ms) and its contribution (A2) largerof NMDA:AMPA EPSCs, NMDA- and AMPA-EPSC am-
Neuron
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at CP synapses (70.2%  4.5% versus 50.1%  6.2%) opmentally regulated, it is worthwhile noting that both
synapse types are observed in considerable numbers(Figure 2G). Therefore, the weighted time constant of
NMDA EPSCs (mean) at CP synapses was significantly at all developmental stages.
longer than that at CI synapses (Figure 2G). Taken to-
gether, these results demonstrate that the NMDA EPSCs NMDARs at Both Synapse Types Have Similar
at CP synapses are of smaller amplitude and possess Unitary Conductances
slower kinetics than their CI counterparts. We next tested whether the small amplitude of NMDA
EPSCs at CP synapses resulted from receptors with a
smaller unitary conductance using peak-scaled nonsta-A High NR2B Content of NMDARs at CP Synapses
Native NMDARs are formed by the heteromeric expres- tionary variance analysis to measure the conductance
of synaptic NMDARs (Robinson et al., 1991; Traynelission of NR1 with one or more NR2 (NR2A–NR2D) sub-
units (McBain and Mayer, 1994; Dingledine et al., 1999). et al., 1993; Traynelis and Jaramillo, 1998; Benke et
al., 1998). The single-channel conductances underlyingNR2 subunits determine many of the unique properties
of NMDARs including gating kinetics, unitary conduc- NMDAR EPSCs were not significantly different between
the two synapse types (CI synapses, RI  0.99  0.07,tance, ligand binding affinity, kinetics of desensitization
and deactivation, and the sensitivity to many channel 	NMDA  46  3 pS, n  8; CP synapses, RI  0.19 
0.02, 	NMDA  47  6 pS, n  7, p  0.05) (Figure 4).modulators. Furthermore, NMDAR EPSCs are briefer at
synapses containing more NR2A than NR2B subunits These results suggest that differences in single-channel
conductance are unlikely to account for the distinct am-(Flint et al., 1997; Stocca and Vicini, 1998; Cathala et
al., 2000). To determine whether the slower kinetics of plitudes of NMDAR EPSCs observed at these two types
of synapses.NMDA EPSCs at CP synapses resulted from differences
in NR2 subunit expression, we used a specific inhibitor
of NR2B-containing NMDARs, ifenprodil (Williams, NMDARs at CP Synapses Have a Lower
1993). Ifenprodil (10 M) blocked the mean NMDA EPSC Open Probability
amplitude by 41.9% 1.9% (n 10) and 58.6% 1.6% The open probability of NMDARs at CI and CP synapses
(n  9) at CI and CP synapses, respectively (Figures was assessed using MK-801, an irreversible open chan-
3A–3C). While the total NMDA EPSC amplitude was nel blocker (on a time scale of tens of minutes at hyper-
larger at CI synapses (Figure 3C), the relative proportion polarized potentials) (Huettner and Bean, 1988; Jahr,
of ifenprodil-sensitive current (NR2B mediated) was sig- 1992). In the continued presence of MK-801, NMDAR
nificantly higher at CP synapses (Figure 3D). These re- EPSCs become progressively reduced in amplitude. The
sults demonstrate that a larger proportion of NR2B sub- rate of block of synaptic NMDA currents by MK-801
units contribute to the NMDA receptor EPSCs at CP is related either to a reduction in presynaptic release
synapses, consistent with the slower kinetics of NMDA probability of glutamate (Hessler et al., 1993; Rosen-
receptor EPSC at these synapses. mund et al., 1993) or to the postsynaptic open probability
of NMDA receptors. We have previously shown that
short-term plasticity, a phenomenon largely presynapticDevelopmental Regulation of CI and CP Synapses
So far we have shown that CP synapses contain AMPARs in origin, was not different between CI and CP synapses
(Toth et al., 2000), suggesting that the release probabili-with a lower GluR2 level and NMDARs with a higher
NR2B composition than CI synapses. Within many CNS ties of glutamate at those two synapse types are similar.
We therefore reasoned that any differences in the rateregions, NR2B and GluR2 expression is developmentally
regulated; with high NR2B and low GluR2 being ob- of MK-801 block between these two synapses likely
results from a postsynaptic mechanism, i.e., distinctserved at early developmental stages (Monyer et al.,
1994; Stocca and Vicini, 1998; Cathala et al., 2000; Pick- open probabilities of NMDARs at these two types of
synapses. Figures 5A and 5B show the time course ofard et al., 2000; Zhu et al., 2000). We next considered
whether CP synapses represented a developmentally MK-801 block of NMDA EPSCs at a CI synapse (RI 
1.16) and a CP synapse (RI  0.17), respectively. Theimmature mossy fiber-interneuron synapse. Using the
degree of PhTx block of AMPAR EPSCs as an indicator rate of MK-801 block of the isolated NMDAR EPSC was
fit by a double-exponential function, giving rise to aof CI and CP synapses, we examined synapses from
four age groups that spanned developmental stages at mean time constant of 28.8 stimuli for the CI synapse
and 66.9 stimuli for the CP synapse. Figures 5C and 5Dwhich mossy fiber-interneuron synapses appear (Post-
natal day [P] 9–10), mature (P15–P16), and then fully show that the mean decay rate was significantly slower
at CP synapses.develop (P20–P21 and P30–P40) (Amaral and Dent,
1981). At P9–P10, CP synapses were the most predomi- To ensure that the different rates of MK-801 block
observed at CI and CP synapses did not originate fromnant synapse type observed (61.3%, 19 of 31), while CI
synapses predominated at P30–P40 (45.6%, 14 of 31) differences in release probability between these two
synapses, we compared the paired pulse ratios (PPRs)(Figure 3E). The intermediate age group of P15–P16 con-
tained the highest percentage of synapses comprised of AMPA EPSCs at these two types of synapses. PPRs
were not significantly different between CI (1.59  0.07,of “mixed” AMPARs, suggesting that this may represent
a period of transition from CP to CI synapses (Figure n  9) and CP synapses (1.64  0.08, n  9, p  0.05)
(Figure 5E). Second, the coefficient of variance (CV 3E). This was more clearly demonstrated by plotting the
percentage of PhTx block for all synapses recorded at SD/mean), an index also considered to reflect presynap-
tic processes, was not significantly different betweenall developmental stages (Figure 3F). Although these
results indicate that both CI and CP synapses are devel- synapse types (CI synapses, 0.23  0.02, n  9; CP
NMDA Receptors at Interneuron Synapses
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Figure 3. Differences in Subunit Composi-
tion and Developmental Regulation of CI and
CP Synapses
(A and B) I-V relationship of AMPA EPSC (left
two panels) and the isolated NMDA EPSC
component associated with this synapse re-
corded in the absence or presence of the
NR2B antagonist, ifenprodil, from a CI (A) and
a CP (B) synapse; Ifenprodil blocked NMDA
EPSCs by 39% and 61% respectively.
(C and D) Summarized data from ten CI (RI 
0.84  0.05) and nine CP synapses (RI 
0.22  0.03) show that the NR2B content of
NMDARs at CP synapses is significantly
higher than that at CI synapses. **, p  0.01.
(E and F) Developmental regulation of CI and
CP synapses. The sensitivity to PhTx block
was used to evaluate the Ca2-permeable na-
ture of AMPARs at each synapse. For each
age group, at least 30 synapses were exam-
ined (individual symbols in F) and the inci-
dence of each synapse type determined. The
percentage of CP synapses was higher at P9–
P10, while CI synapses were more prevalent
at later developmental stages.
synapses, 0.27 0.03, n 9, p 0.05; Figure 5F). Taken 37%  3% and 21%  4% to the peak EPSP at CI (n 
10) and CP synapses (n  11), respectively (Figure 6A).together, these results indicate that the slower MK-801
block rate observed at CP synapses results from a lower Given that NMDAR EPSPs are “large and fast” at CI
synapses and “small and slow” at CP synapses, we nextopen probability of postsynaptic NMDARs.
estimated the relative contribution of the NMDAR EPSP
to the total EPSP time course. At the resting membraneFunctional Consequences of Differential NMDA
Receptor Distribution potential, NMDA receptors contributed 65%  3% (n 
10) to the total integral at CI synapses but only 38% Synaptic NMDARs Endow Interneurons
with Distinct Firing Properties 6% (n  11) at CP synapses.
The different contributions of NMDARs to the EPSPThe above experiments highlight fundamental differ-
ences in NMDAR properties at CI-and CP-mossy fiber- integral at either synapse type suggests that NMDAR
EPSPs may differentially influence current summation ininterneuron synapses recorded under voltage-clamp
conditions, suggesting potentially different roles for response to trains of synaptic stimuli. Indeed, algebraic
summation of single EPSPs at a 50 ms interstimulusNMDARs at these two synapse types. We next deter-
mined the contribution of NMDAR to synaptic activity interval predicts a significantly larger summation of CI-
EPSPs than CP-EPSPs (Figures 6B and 6C). To studyevoked by single stimuli under current-clamp condi-
tions. Figure 6A illustrates EPSPs evoked by stimulation the contributions of NMDA/AMPAR EPSPs to cellular
excitability, EPSP-action potential sequences wereof CI (top) or CP (middle) synapses. In the absence of
added Mg2, single subthreshold EPSPs were mediated evoked by trains of five stimuli at 20 Hz (repeated ten
times at 20 s intervals) in the absence or presence ofby the activation of both NMDA and AMPARs at both
synapse types (Figure 6A). Subtraction of the AMPA APV under current-clamp conditions. Neurons were then
voltage clamped to record AMPA EPSCs. PhTx andEPSP (recorded in the presence of APV) from the total
EPSP allowed inspection of the relative contribution of DCG-IV were then applied to identify the Ca2-perme-
able nature of AMPARs and confirm that the responsesthe NMDA EPSP (Figure 6A). The mean NMDA receptor
EPSPs were 3.2 0.3 and 1.9 0.3 mV and contributed were mossy fiber in origin, respectively.
Neuron
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Figure 4. The Single-Channel Conductances
of NMDA Receptors at CI and CP Synapses
Are Not Significantly Different
(A–C) Data obtained from a CI synapse. (A)
The I-V relationship of the AMPA receptor
EPSC component from a CI synapse. (B)
Method used to compute peak-scaled non-
stationary variance of NMDAR-mediated
EPSCs. The isolated NMDA EPSC compo-
nent, averaged from 60 EPSC (dark line)
scaled to the peak of a single EPSC (light
line). (C) The composite current-variance plot
obtained from the analysis of 60 NMDAR
EPSCs at CI synapses. Linear relationship of
current-variance plot suggests that the open
probabilities of NMDARs are low.
(D–F) Identical experiment as that shown in
(A)–(C) for NMDAR-mediated EPSCs at CP
synapses.
Trains of stimuli elicited EPSPs that summated supra- NMDAR- and AMPAR-Dependent iLTD
Previous results have suggested that interneuron LTDlinearily to induce action potential discharge at both
synapse types (Figures 6B and 6C). In general, at CI (iLTD) (McMahon and Kauer, 1997) is not dependent on
NMDAR activity, but relies on the influx of postsynapticsynapses, each stimulus in the train elicited doublets or
triplets of action potentials with events later in the train Ca2, possibly via Ca2-permeable AMPARs, and has
previously only been detected at CP synapses (Laezzausually resulting in a large depolarizing envelope, pre-
sumably reflecting activation of intrinsic conductances et al., 1999; Toth et al., 2000). Moreover, we have pre-
viously demonstrated that paradigms that induce LTPon which rode several action potentials (Figure 6B). In
contrast, at CP synapses, each stimulus usually elicited at mossy fiber-pyramidal neuron synapses induce iLTD
at interneuron CP synapses with no evidence for plastic-only single or doublet action potential firing with little
evidence for the late depolarizing phase observed fol- ity at CI synapses (Toth et al., 2000). However, all of these
previous experiments were performed in the presence oflowing CI synapse activation (Figure 6C).
In both cases, the number of spikes elicited by the the NMDAR antagonist APV (Toth et al., 2000), and the
role of NMDA receptors in mossy fiber-interneuron syn-stimulus train was reduced after washing in APV, sug-
gesting that NMDARs contribute significantly to action aptic plasticity is unknown.
In the final set of experiments, we examined the ex-potential generation at both types of synapse (Figures
6B–6D). The reduction of spike number by APV was pression of synaptic plasticity at both synapse types
in the presence and absence of APV. Consistent withmost significant at CI synapses and only single action
potentials were initiated by each AMPA EPSP, consis- previous results (Laezza et al., 1999; Toth et al., 2000),
in the presence of NMDA receptor antagonists, LTD wastent with the large contribution of NMDAR to the total
EPSP waveform (Figure 6A). observed only at CP synapses in response to 100 Hz
stimuli (1 s duration, repeated three times at 10 s inter-To quantify these observations, the total number of
spikes elicited by the ten trains of stimulation in the vals) (Figures 7A and 7B). In contrast, in the absence of
APV, LTD was observed at both CI and CP synapsesabsence and presence of APV were estimated. The APV-
sensitive and APV-resistant spikes were considered to (Figures 7C and 7D). At CP synapses, the magnitude of
iLTD was similar in the presence or absence of APV (25be generated by NMDA or AMPA receptors, respec-
tively. At CI synapses, the percentage of spikes gener- min after the induction of LTD, 58.2%  2.9%, n  7
with APV; 43.9%  3.5%, n  6 without APV, p  0.05),ated by NMDAR EPSPs was significantly greater
(67.6%  4.4%, n  10) than that observed at CP syn- suggesting little further contribution of NMDARs to iLTD
at these synapses. At mossy fiber-pyramidal neuronapses (40.7%  2.1%, n  11, p  0.01) (Figure 6D).
Taken together, these data indicate that NMDA and synapses (another form of CI synapse) long-lasting plas-
ticity is generally considered to be NMDAR independent,AMPA receptors contribute differently to interneuron
EPSP-action potential excitability. although the exact mechanism of induction is somewhat
NMDA Receptors at Interneuron Synapses
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Figure 5. NMDA Receptors at CP Synapses
Have Lower Open Probabilities
(A) Time course of block of the isolated NMDA
receptor EPSC by MK-801 at a CI synapse
(RI  1.16). After recording basal NMDA
EPSCs for 5–10 min, stimulation was
stopped, and the slice was perfused with ex-
tracellular solution containing MK-801 (40
M) for 5 min to saturate the synapse with
MK-801 before resuming stimulation. Stimu-
lation was then resumed, and the time course
of the inhibition of NMDA EPSC was rigor-
ously recorded to evaluate the open probabil-
ity of NMDA receptors. Upper panel shows
current traces evoked by the last basal stimu-
lation before application of MK-801 (“con-
trol”), the 1st (S1), 12th (S12), and 130th (S130)
stimulation in the presence of MK-801. The
relationship of MK-801 inhibition versus the
number of stimulation was best fit by a dou-
ble-exponential function.
(B) Time course of MK-801 block of NMDARs
at a CP synapse (RI  0.17). Experiment was
performed in the same way as in (A). MK-801
block rate was slower at this synapse.
(C) Pooled data from nine CP and nine CI
synapses illustrates the slower rate of MK-
801 block of NMDAR at CP synapses.
(D) Summarized data from nine CP and nine
CI synapses. **, p  0.01.
(E) Left panel, current traces from a CI and a
CP synapse evoked by a paired-pulse stimu-
lation protocol (interval 50 ms). Right panel,
pooled data for the paired-pulse ratio (PPR)
from nine CI and nine CP synapses shown
in (C).
(F) Coefficient of variation (CV) of AMPA
EPSCs recorded at the same synapses as in
(C) and (E). Neither PPR nor CV was signifi-
cantly different between CI and CP synapses.
controversial (Yeckel et al., 1999; Mellor and Nicoll, activity within the mossy fiber pathway engages signifi-
2001). To determine whether iLTD observed at either cantly larger numbers of inhibitory cells than principal
synapse required postsynaptic elevation of intracellular cells. This massive recruitment of inhibition has helped
Ca2; 20 mM BAPTA was included in the recording elec- explain the physiological observation that increased ac-
trode (Yeckel et al., 1999). Inclusion of BAPTA in the tivity of the granule cells suppresses the overall excit-
recording pipette blocked the expression of iLTD at both ability of the CA3 recurrent system (Bragin et al., 1995a,
synapse types, suggesting a role for postsynaptic cal- 1995b; Penttonen et al., 1997), presumably by the mono-
cium elevation in induction of both forms of iLTD (Figures synaptic recruitment of an extensive network of feedfor-
7E and 7F). These results clearly demonstrate that ward inhibitory interneurons (Pouille and Scanziani,
NMDARs at CI synapses participate in the induction of 2001).
iLTD, whereas at CP synapses, Ca2-permeable AMPA Our original observations suggested that this anatom-
receptors are sufficient to induce LTD. ical specialization gave rise to a functional segregation
of activity that depended on the nature of the postsynap-
tic target (Maccaferri et al., 1998; Toth and McBain,Discussion
1998). Toth et al. (2000) demonstrated a further division
of labor within mossy fiber-interneuron projections thatDentate granule cells innervate their postsynaptic tar-
was largely based on the presence or absence of GluR2-gets via anatomically specialized synapses. While single
containing AMPA receptors giving rise to CI- and CP-granule cells form large, complex “mossy” synapses
AMPA synapses respectively. Here we have extendedonto principal neuron targets, GABAergic interneurons
these initial observations and now demonstrate the exis-are selectively targeted by thin filopodial extensions of
tence of a continuum of mossy fiber projections to inhibi-mossy terminals and by small en passant boutons (Ac-
tory interneurons whose properties depend on the na-sady et al., 1998). The number of filopodial extensions
ture of both AMPA and NMDA receptors expressed atand small terminals is 10-fold larger than the number
of mossy terminals and has led to the suggestion that the particular synapse type.
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Figure 6. Differential Contributions of
NMDARs and AMPARs to Transmission at CI
and CP Synapses
(A) Averaged EPSPs recorded in the absence
of APV (Total), in the presence of APV (AMPA)
and the subtracted, isolated NMDAR-medi-
ated component (NMDA) at a CI (upper panel)
and CP synapses (middle panel). Mean data
from EPSPs pooled from 11 CP and 10 CI
synapses show that the NMDA EPSP and the
ratio of NMDA and AMPA EPSPs are signifi-
cantly lower at CP synapses (lower panel).
(B and C) EPSP/action potential sequences
at a CI (B) and a CP synapse (C) elicited by
trains of stimuli (five stimuli, 20 Hz, repeat ten
times at 20 s intervals) in the absence (left
column) or presence (right column) of APV.
Upper trace shows a single representative
example of an EPSP/action potential se-
quence elicited by the stimulus train. In this
experiment, action potential amplitude was
also increased following block of NMDA re-
ceptors, suggesting that the depolarizing
synaptic envelope leads to a partial inactiva-
tion of sodium channels. Dashed waveforms
in each of the upper traces is the algebraic
summation of five EPSP wavefoms spaced
by the interstimulus interval to generate the
predicted EPSP summation in the absence
of additional intrinsic conductances. Lower
panel shows the raster plot of spikes induced
by each of the five stimuli in the ten trials.
Each short vertical line represents a single
action potential whose position in the raster
plot represents the actual timing of the action
potential waveform. Dashed lines represent
the timing of the stimulus artifact.
(D) Differential contribution of NMDA (APV-
sensitive) and AMPA (APV-resistant) recep-
tors to cellular excitability at CI and CP syn-
apses. **, p  0.01. Note that NMDARs make
the major contribution to the number of action
potentials elicited in response to activation
of CI synapses. In contrast, NMDAR make
only a modest contribution to action potential
generation following CP synapse activation.
The subunit composition and kinetic properties of We also considered the possibility that the mixed syn-
apse type represented experiments where we were stim-NMDARs allow them to play differential roles at CI and
CP synapses. NMDARs at CI synapses play a major ulating multiple fibers activating overlapping CI and CP
synapse populations; in fact, in our previous investiga-role in synaptic transmission and are involved in the
induction of a novel form of iLTD, whereas only a modest tions (Toth and McBain, 1998; Toth et al., 2000), syn-
apses with this phenotype were omitted from the analy-role for NMDARs was observed at CP synapses, and
long-term plasticity was NMDAR independent. NMDARs sis based on this reasoning. We now consider this to be
highly unlikely. Experiments involving rigorous quantalat CP synapses possess a higher proportion of NR2B
subunits and have a lower open probability than analysis of single mossy fiber-evoked EPSCs have a
similar range of PhTx block (J.J.L. and C.M., unpub-NMDARs at CI synapses; contributing to the smaller
amplitude and slower kinetics of NMDAR EPSCs at CP lished data), indicating that this population represents
a legitimate mossy fiber-interneuron class. Experimentssynapses, although differences in channel density can-
not be ruled out. investigating the effects of philanthotoxin block on min-
iature synaptic events may allow a further test of thisIt is important to point out that for ease of discussion,
we have concentrated on CI and CP synapses, which hypothesis. However, it is worthwhile noting that in addi-
tion to receiving mossy fiber inputs, stratum lucidumrepresent the extreme ends of a continuum of synaptic
types, and mossy fiber-interneuron synapses also com- interneurons also receive synaptic input from CA3 pyra-
midal neurons potentially complicating the separationprise a “mixed” phenotype based on AMPAR sensitivity
to PhTx, rectification index, or NMDAR properties. and identification of each miniature population.
In a number of systems, the subunit compositions ofWhether this reflects a pool of synapses undergoing
developmental regulation or activity-dependent conver- both NMDARs and AMPARs are developmentally regu-
lated. Typically, NR2B subunits are abundant at earlysion of one synapse type into another, remains unclear.
NMDA Receptors at Interneuron Synapses
929
Figure 7. Differential Forms of iLTD Exist at
Mossy Fiber-Interneuron Synapses
(A) High-frequency stimulation (100 Hz, 1 s
duration, repeated three times at 10 s inter-
vals) failed to induce iLTD at CI synapses in
the presence of 100 M APV (n  6).
(B) The same stimulation protocol as in (A)
induced iLTD at CP synapses in the presence
of 100 M APV (n  7).
(C and D) In the absence of APV, the induction
protocol induced iLTD at both CI (n  5, [C])
and CP synapses (n  6, [D]).
(E and F) Inclusion of 20 mM BAPTA in the
recording pipette prevented LTD at both CI
(n  6, [E]) and CP synapses (n  7, [F]).
developmental stages and are progressively replaced glutamatergic synapses and are activated by presynap-
tically released glutamate, the development or mat-by NR2A during development (Monyer et al., 1994; Flint
et al., 1997; Stocca and Vicini, 1998; Cathala et al., 2000). uration of NMDA and AMPARs is not necessarily syn-
chronized. NMDARs are detected first at developingIn Xenopus spinal interneurons, Ca2-permeable AMPARs
mediate synaptic transmission at early embryonic excitatory synapses in mammalian hippocampus (Du-
rand et al., 1996; Liao et al., 1999). Functional AMPARstages and are replaced by Ca2-impermeable AMPARs
on maturation (Rohrbough and Spitzer, 1999). In cul- expression can be induced at initially silent synapses
by NMDAR activation (Liao et al., 1995; Isaac et al., 1995;tured hippocampal neurons or hippocampal slices,
GluR2 expression increases with the increase of culture Durand et al., 1996), suggesting that NMDAR activation
is required for subsequent AMPAR expression at devel-time (Pickard et al., 2000) or animal age (Zhu et al., 2000).
Such observations have led to the general assumption oping glutamatergic synapses. Moreover, NMDA and es-
pecially AMPARs undergo membrane trafficking (Haas,that synapses at earlier stages of development contain
NMDARs with higher levels of NR2B, and AMPARs with 2001). Thus, an alternative explanation for the distinct
expression of NMDA and AMPARs at CI and CP synapseslower levels of GluR2. Our results are suggestive of such
developmental regulation and indicate that CP synapses may be that NMDA and AMPARs at either synapse are
mutually regulated. It is possible that intracellular signal-containing Ca2-permeable AMPARs (little or no GluR2)
and NMDARs with a higher level of NR2B composition ing pathways activated by Ca2-permeable AMPARs
may selectively attract or expel NMDAR subunits suchpredominate at earlier developmental ages. However, it
is important to point out that significant numbers of both as NR2B or NR2A to or from the postsynaptic density.
Conversely, the function of NMDARs located at this do-synapse type were observed at the latest development
stage (P30), suggesting that while developmental reg- main may also act to regulate the expression of GluR2
or other AMPA receptor subunits. Experiments are cur-ulation of synapse phenotype may exist, both extreme
ends of the continuum exist in parallel at mature stages. rently underway to determine the interplay between NMDA
and AMPA receptor subunit distributions at these syn-While NMDA and AMPARs are generally considered to
be colocalized postsynaptically at many mature central apses.
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Roles of NMDA and AMPARs in Synaptic gests that mechanisms that differentially regulate Ca2-
Transmission and Plasticity at CI permeable AMPA receptors and NMDA receptors (e.g.,
and CP Synapses phosphorylation or receptor trafficking) may indepen-
The different composition and function of NMDA and dently influence the dynamic state of synaptic efficacy
AMPA receptors expressed at CI and CP synapses was at CI and CP synapses.
strongly correlated with their distinct roles in synaptic In conclusion, we have demonstrated that the mossy
transmission at these two synapse types. Repetitive ac- fiber-CA3 inhibitory interneuron system consists of a
tivation of CI synapses elicited progressively more ac- continuum of synapse types that may expand the reper-
tion potentials per stimulus during a train than at CP toire of activity engaged by granule cell activity within
synapses, presumably due to the temporal summation the CA3 network.
of their larger amplitude NMDAR EPSCs. During trains
Experimental Proceduresof stimuli, multiple action potentials were evoked by
each stimulus, while those occurring later in the train
Hippocampal Slice Preparationconsistently evoked a large, long-lasting depolarization
Transverse hippocampal slices (300 m) were obtained from
that resulted in the generation of numerous action po- Sprague Dawley rats as described previously (Toth and McBain,
tentials long after the train had ceased. Such a mecha- 1998). The ages of the rats were typically 16–20 days unless stated
nism will ensure significant temporal summation of syn- otherwise in the text. Rats were deeply anesthetized with isoflurane,
and the brain dissected out in ice-cold saline solution containingaptic events, triggering a robust doublet or triplet action
130 mM NaCl, 24 mM NaHCO3, 3.5 mM KCl, 1.25 mM NaH2PO4, 1.0potential discharge in response to activation of CI syn-
mM CaCl2, 5.0 mM MgCl2, and 10 mM glucose, saturated with 95%apses. Block of NMDARs at these synapses removed
O2/5% CO2, pH 7.4. All animal procedures conformed to the Nationalthis phenomenon, underscoring the important role for Institutes of Health animal welfare guidelines.
NMDA receptors at these synapses. In contrast, the
contribution of NMDARs to cellular excitability was more Voltage-Clamp Recordings
Whole-cell patch-clamp recordings were made from visually identi-modest at CP synapses.
fied interneurons located within the stratum lucidum of CA3 by theFricker and Miles (2000) have recently shown that
use of a modified Axopatch 200A amplifier (Axon Instruments, FosterEPSPs initiate action potential firing with short latencies
City, CA) in voltage-clamp mode. Unless stated otherwise, recordingand precise timing in most CA1 hippocampal inhibitory electrodes were filled with 100 mM Cs-gluconate, 0.6 mM EGTA, 5
neurons, but result in delayed and variable firing patterns mM MgCl2, 8 mM NaCl, 2 mM ATP2Na, 0.3 mM GTPNa, 40 mM
in pyramidal neurons. Their data suggest that action HEPES, 0.1 mM spermine, and 1 mM QX-314, pH 7.2–7.3. Biocytin
(0.2%) was added to the recording electrode solution to allow postpotential firing depends on the delicate balance of sub-
hoc morphological processing of every recorded cell (Toth andthreshold intrinsic currents; EPSPs activate outward po-
McBain, 1998). The extracellular solution comprised the followingtassium currents which prevent the generation of de-
composition: 130 mM NaCl, 24 mM NaHCO3, 3.5 mM KCl, 1.25 mMlayed spikes in interneurons, but favor inward sodium
NaHPO4, 2.5 mM CaCl2, and 10 mM glucose, saturated with 95%currents which produce plateau potentials leading to O2 and 5% CO2, pH 7.4. Bicuculline methobromide (100 M) and
the observed long latency action potentials in pyramidal glycine (10 M) were routinely added and Mg2 omitted from the
cells (Fricker and Miles, 2000). In our experiments, the above solution to inhibit GABA receptor-mediated IPSCs and facili-
tate the recording of NMDAR EPSCs, respectively. Under thesedifferential firing patterns and the prolonged firing after
conditions, dual component EPSCs mediated by both AMPA andthe termination of stimulus trains at CI synapses (Figure
NMDARs were recorded. AMPAR-mediated EPSCs were isolated6B) suggests that EPSPs at these synapses may activate
by including Mg2 (1.5 mM) and dl-APV (100 M) in the extracellularrepertoires of intrinsic currents in interneurons distinct
solution. NMDA EPSCs were obtained either by digital subtraction
from those activated by CP synapses. The degree of of the AMPA component (recorded in the presence of Mg2 and
intrinsic current activation presumably is strongly influ- APV) from the dual component EPSC recorded in the absence of
enced by the shape of the EPSP waveform, the release Mg2 and APV or by including DNQX (10 M) in the extracellular
solution (see Results). In all experiments, the Group II mGluR agonistproperties of each individual synapse type, and/or the
DCG-IV (1 M) was added to the perfusate to confirm that synapticelectrotonic location of the synaptic input site.
events were mossy fiber in origin (Kamiya et al., 1996; Toth andNMDARs at CI synapses were also intimately involved
McBain, 1998; Toth et al., 2000).in the induction of a previously undescribed form of iLTD All cells were initially identified on the basis of somata shape and
(McMahon and Kauer, 1997, Laezza et al., 1999, Toth et position within the CA3 stratum lucidum subfield using infrared video
al., 2000). In contrast, iLTD at CP synapses was NMDAR microscopy and differential interference contrast optics. Confirma-
independent, consistent with previous reports (Toth et tion that cells were inhibitory interneurons was made using post hoc
biocytin processing. Recordings were made at room temperatureal., 2000). Our previous studies (Maccaferri et al., 1998,
(24
C) at a holding potential of60 mV, unless otherwise indicated.Toth et al., 2000) indicated a lack of plasticity at CI
Series resistance was rigorously monitored by the delivery of a 5synapses in response to paradigms that induced LTP
mV voltage step after each evoked EPSC. Experiments were discon-
at mossy fiber-principal cells synapses and iLTD at in- tinued if the series resistance changed by 10%. Synaptic re-
terneuron-CP synapses. However, these previous stud- sponses were evoked by low-intensity stimulation (80 s duration;
ies were performed in the presence of NMDA receptor 40–80 A intensity) of granule cells in the dentate gyrus or the
antagonists. The present results demonstrate that stratum lucidum of the hippocampal CA3 region via a constant-
current isolation unit (A360; World Precision Instrument, Sarasota,mossy fiber-interneuron synapses possess diverse
FL) connected to a patch electrode that was filled with oxygenatedforms of plasticity. Both forms of iLTD required elevation
extracellular solution. For a single neuron, the stimulus intensity wasof postsynaptic Ca2 because induction was prevented
set to the lowest value that reliably evoked a single EPSC waveform
by inclusion of BAPTA in the recording pipette (Yeckel without obvious failure. Synaptic responses were included in the
et al., 1999). The existence of two forms of iLTD that analysis if the rise times and decay time constants were monotonic
can be induced by similar stimulus paradigms that in- and possessed no apparent multiple EPSCs or polysynaptic wave-
forms. At the end of each experiment, a solution containing APV,duce LTP at mossy fiber-principal neuron synapses sug-
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bicuculine, and DNQX was perfused to record the isolated stimulus (from 60 to 20 mV) were fit by a linear regression. The RI of the
I-V relationship was then defined as the ratio of the actual currentartifact, which was then averaged and subtracted from synaptic
records to obtain stimulus artifact-free records of EPSCs for accu- amplitude at40 mV to the predicted linear value at40 mV (extrap-
olated from linear fitting of the currents at the negative potentials;rate amplitude measurement.
Interneuron LTD (iLTD) was induced by a high-frequency induction Liu and Cull-Candy [2000]). A high RI value means that the I-V curve
is more linear, and the AMPA receptors have a low Ca2 permeabilityprotocol comprising a 100 Hz train of stimuli, 1 s in duration, re-
peated three times at 10 s intervals (Maccaferri et al., 1998; Toth et and vice versa.
al., 2000). The extracellular solution contained 1.5 mM Mg2 with or
without dl-APV (100 M). For some experiments, the intracellular Chemicals
All compounds were obtained from Sigma-Aldrich (St. Louis, MO)EGTA was replaced with 20 mM BAPTA as stated in the text.
unless stated otherwise. Philanthotoxin-433 tris-trifluoracetate
(PhTx) was obtained from Research Biochemicals (Natick, MA).Current-Clamp Recordings
(2S,2R,3R)-2-(2,3-dicarboxycyclopropyl)glycine (DCG-IV) wasWhole-cell recordings were initially obtained in voltage-clamp mode
obtained from Tocris Cookson (Ballwin, MO).and then switched to current clamp to record EPSPs and action
potentials. For this series of experiments, Cs-gluconate in the intra-
Acknowledgmentscellular solution was replaced with the same concentration of
K-gluconate, and QX-314 was omitted. After recording EPSPs with
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